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1. INTRODUCTION {#hbm25008-sec-0001}
===============

Healthy aging is characterized by changes in brain structure and function. Studies using magnetic resonance imaging (MRI) have consistently shown age‐related increase in the volume of cerebrospinal fluid (CSF; Good et al., [2001](#hbm25008-bib-0020){ref-type="ref"}; Smith, Chebrolu, Wekstein, Schmitt, & Markesbery, [2007](#hbm25008-bib-0047){ref-type="ref"}), decline in the global gray matter (GM) volume (Allen, Bruss, Brown, & Damasio, [2005](#hbm25008-bib-0002){ref-type="ref"}; Bagarinao et al., [2018](#hbm25008-bib-0007){ref-type="ref"}; Good et al., [2001](#hbm25008-bib-0020){ref-type="ref"}; Smith et al., [2007](#hbm25008-bib-0047){ref-type="ref"}) and no changes in white matter (WM) volume (Good et al., [2001](#hbm25008-bib-0020){ref-type="ref"}; Smith et al., [2007](#hbm25008-bib-0047){ref-type="ref"}; Taki et al., [2004](#hbm25008-bib-0055){ref-type="ref"}). A few studies, however, reported WM volume decreases with age (Greenberg et al., [2008](#hbm25008-bib-0021){ref-type="ref"}; Jernigan et al., [2001](#hbm25008-bib-0028){ref-type="ref"}) or age‐related alterations characterized by a nonlinear relationship where an initial increase in WM volume is followed by an accelerated decline in old age (Bagarinao et al., [2018](#hbm25008-bib-0007){ref-type="ref"}; Fjell et al., [2013](#hbm25008-bib-0016){ref-type="ref"}; Ryali, Glover, Chang, & Menon, [2009](#hbm25008-bib-0043){ref-type="ref"}; Taki et al., [2011](#hbm25008-bib-0056){ref-type="ref"}). Volumetric characterization of age‐related WM changes is incomplete as alterations in WM tracts can also occur even without detectable changes in WM volume.

With advances in diffusion weighted imaging (DWI), examination of the microstructural changes associated with age in WM fiber tracts has become possible. DWI can be used to evaluate the microscopic diffusion of water molecules in various brain tissues. Due to the presence of axonal membranes and myelin sheaths in WM, water molecules preferentially diffused in the direction parallel to the long axis of the axonal bundles. Thus, measures associated with the rate (e.g., mean diffusivity \[MD\]) and directionality (fractional anisotropy \[FA\]) of water diffusion can be used as indirect measures of WM integrity. The association between diffusion parameters and WM fiber properties has been demonstrated in animal studies (Song et al., [2003](#hbm25008-bib-0050){ref-type="ref"}; Song et al., [2005](#hbm25008-bib-0051){ref-type="ref"}; Takahashi et al., [2002](#hbm25008-bib-0054){ref-type="ref"}). For instance, measures associated with the rate of diffusion along the primary axis of the diffusion ellipsoid, called axial diffusivity (AD), had been shown to be sensitive to axonal differences, whereas that in the secondary axis, called radial diffusivity (RD), is sensitive to myelin changes (Song et al., [2003](#hbm25008-bib-0050){ref-type="ref"}; Song et al., [2005](#hbm25008-bib-0051){ref-type="ref"}). Using these measures, several studies have investigated age‐related changes in WM integrity (Bennett & Madden, [2014](#hbm25008-bib-0010){ref-type="ref"}; Cox et al., [2016](#hbm25008-bib-0012){ref-type="ref"}; Lebel et al., [2012](#hbm25008-bib-0032){ref-type="ref"}; Sala et al., [2012](#hbm25008-bib-0044){ref-type="ref"}; Salat et al., [2005](#hbm25008-bib-0045){ref-type="ref"}; Sullivan & Pfefferbaum, [2006](#hbm25008-bib-0052){ref-type="ref"}). Generally, FA had been shown to decrease with age while MD had been shown to increase, an indication of the general decline in WM integrity in healthy aging (Cox et al., [2016](#hbm25008-bib-0012){ref-type="ref"}; Hsu et al., [2010](#hbm25008-bib-0024){ref-type="ref"}; Inano, Takao, Hayashi, Abe, & Ohtomo, [2011](#hbm25008-bib-0026){ref-type="ref"}). This age‐related decline in WM integrity was also shown to vary considerably across brain regions and likely driven by changes in the underlying myelin as evidenced by the preferential increases in RD as compared to AD (Inano et al., [2011](#hbm25008-bib-0026){ref-type="ref"}; Kumar, Chavez, Macey, Woo, & Harper, [2013](#hbm25008-bib-0030){ref-type="ref"}).

These scalar indices, however, are indirect measures, not fiber‐specific, and have poor interpretability. Estimation of these measures from DWI data is confounded in voxels where contributions from multiple fibers (the so‐called crossing or kissing fibers) are present. The diffusion tensor model only performs well in regions where fibers are aligned in a single axis, but poorly in regions containing several distinct fiber populations with differing orientations. Specifically, it has not been able to directly elucidate the changes in WM as influenced by different biophysical properties including axon diameter, axon density, and myelin concentration, among others. To address these issues, a framework called fixel‐based analysis (FBA) was recently proposed (Raffelt et al., [2017](#hbm25008-bib-0042){ref-type="ref"}). This framework uses a more advanced diffusion MRI model that can resolve multiple fiber populations in a single voxel (Tournier, Mori, & Leemans, [2011](#hbm25008-bib-0059){ref-type="ref"}), and thus enables the extraction of measures directly associated with a single fiber population in a given voxel called a fixel. Metrics extracted using FBA include fiber density (FD), fiber cross section (FC), and the combined measure of FD and cross section (FDC). FD estimates the microscopic density of neuronal axons within a fixel, while FC estimates the macroscopic change in the cross‐sectional area perpendicular to the fiber bundle experienced during template registration.

Recently, Genc et al. ([2018](#hbm25008-bib-0018){ref-type="ref"}) used FBA to examine age‐related changes in WM FD and morphology over childhood. They found statistically significant increases in FD over time localized to medial and posterior commissural and association fibers, while increases in FC were substantially more extensive. Other studies have also used FBA to examine WM degeneration in older clinical populations including multiple sclerosis (Gajamange et al., [2018](#hbm25008-bib-0017){ref-type="ref"}) and Alzheimer\'s disease (Mito et al., [2018](#hbm25008-bib-0036){ref-type="ref"}). However, investigations of age‐related WM alterations covering adulthood, the majority of the human lifespan, have not yet been reported in the literature. In this study, we used FBA to comprehensively investigate age‐related changes in FD, FC, and FDC. These quantities relate to the capacity of WM to transmit information, critical in brain function, and are therefore relevant in understanding the aging brain. We used DWI data from a cohort of 293 healthy volunteers with age ranging from 21 to 86 years and examined age‐related alterations in these measures across the adult lifespan.

2. METHODS {#hbm25008-sec-0002}
==========

2.1. Participants {#hbm25008-sec-0003}
-----------------

Data from 293 healthy volunteers with age ranging from 21 to 86 years old who participated in our on‐going Brain and Mind Research Center Aging Cohort Study (Bagarinao et al., [2018](#hbm25008-bib-0007){ref-type="ref"}; Bagarinao et al., [2019](#hbm25008-bib-0006){ref-type="ref"}) were used in the analysis. Participants were recruited from Nagoya City and neighboring areas from July 2014 to March 2016. A total of 445 healthy adult participants were enrolled within this period. Participants were clinically assessed for general cognitive performance using the Mini‐Mental State Examination (MMSE) and the Japanese version of Addenbrooke\'s Cognitive Examination‐Revised (ACE‐R) (dos Santos Kawata et al., [2012](#hbm25008-bib-0013){ref-type="ref"}; Mioshi, Dawson, Mitchell, Arnold, & Hodges, [2006](#hbm25008-bib-0035){ref-type="ref"}) and for mood disturbances using the Beck Depression Inventory (Beck, Ward, Mendelson, Mock, & Erbaugh, [1961](#hbm25008-bib-0009){ref-type="ref"}) by Japanese board‐certified neurologists (H. W., K. H.) and neurosurgeon (S. M.). Of the 445 initially recruited, 152 participants were excluded due to (a) the participants\' inability to complete the ACE‐R (six participants), (b) structural abnormalities in magnetic resonance images (e.g., asymptomatic cerebral infarction, benign brain tumor, WM abnormalities, etc.; 128 participants), (c) MMSE score less than 26 or ACE‐R total score less than 89 (16 participants), and (d) incomplete data (two participants). A summary of the participants\' demographics and clinical characteristics is given in Table [1](#hbm25008-tbl-0001){ref-type="table"}. All participants provided written informed consent before joining the study, which was reviewed and approved by the Ethics Committee of Nagoya University Graduate School of Medicine and conformed to the Ethical Guidelines for Medical and Health Research Involving Human Subjects as endorsed by the Japanese Government.

###### 

Participants\' characteristics

                               All (*n* = 293)                    Male (*n* = 89)                    Female (*n* = 204)   
  -------------- ------------- ----------------- ---------------- ----------------- ---------------- -------------------- ----------------
  All            Age (years)   53.4              17.4             48.4              19.2             55.5                 16.1
  MMSE           29.5          0.8               29.6             0.7               29.5             0.9                  
  ACE‐R total    96.5          2.6               96.7             2.6               96.4             2.7                  
  Attention      17.9          0.3               17.9             0.3               17.9             0.3                  
  Memory         24.1          1.8               24.4             1.6               24.0             1.8                  
  Fluency        13.6          0.9               13.6             1.0               13.7             0.8                  
  Language       25.1          1.0               25.2             0.9               25.1             1.0                  
  Visuospatial   15.7          0.7               15.6             0.8               15.7             0.6                  
  20s            Age (years)   24.3              2.6 (*n* = 47)   24.1              2.1 (*n* = 23)   24.5                 3.0 (*n* = 24)
  MMSE           29.9          0.4               30.0             0.0               29.8             0.5                  
  ACE‐R total    96.9          1.8               96.7             1.6               97.0             1.9                  
  30s            Age (years)   33.4              2.8 (*n* = 28)   33.2              2.3 (*n* = 12)   33.6                 3.1 (*n* = 16)
  MMSE           29.4          0.3               29.9             0.3               29.9             0.3                  
  ACE‐R total    97.9          2.1               98.2             1.8               97.7             2.3                  
  40s            Age (years)   44.7              3.1 (*n* = 26)   43.9              3.2 (*n* = 9)    45.1                 2.9 (*n* = 17)
  MMSE           29.7          0.4               29.8             0.4               29.7             0.5                  
  ACE‐R total    97.6          2.2               97.0             2.4               97.9             1.9                  
  50s            Age (years)   54.7              3.1 (*n* = 52)   54.7              3.3 (*n* = 9)    54.7                 3.0 (*n* = 43)
  MMSE           29.6          0.6               29.7             0.5               29.6             0.6                  
  ACE‐R total    97.3          2.2               96.8             2.5               97.4             2.1                  
  60s            Age (years)   64.9              2.6 (*n* = 81)   65.6              2.5 (*n* = 19)   64.6                 2.6 (*n* = 62)
  MMSE           29.3          0.9               29.3             0.8               29.3             0.9                  
  ACE‐R total    96.2          2.8               96.5             2.9               96.1             2.7                  
  70s            Age (years)   72.3              2.4 (*n* = 56)   71.9              2.4 (*n* = 17)   72.5                 2.4 (*n* = 39)
  MMSE           29.1          1.1               29.0             1.1               29.1             1.1                  
  ACE‐R total    95.1          2.9               95.9             3.2               94.8             2.7                  
  80s            Age (years)   83.7              1.7 (*n* = 3)    ---               --- (*n* = 0)    83.7                 1.7 (*n* = 3)
  MMSE           29.0          0.8               ---              ---               29.0             0.8                  
  ACE‐R total    91.3          1.2               ---              ---               91.3             1.2                  

Abbreviations: ACE‐R, Addenbrooke\'s Cognitive Examination‐Revised; MMSE, Mini‐Mental State Examination; SD, standard deviation.

2.2. Image acquisition {#hbm25008-sec-0004}
----------------------

All participants were scanned at the Brain and Mind Research Center of Nagoya University using a 3 T Siemens Magnetom Verio (Siemens, Erlangen, Germany) system with a 32‐channel head coil receiver. High resolution T1‐weighted images were acquired from all participants using a 3D Magnetization Prepared Rapid Acquisition Gradient Echo (MPRAGE, Siemens) (Mugler & Brookeman, [1990](#hbm25008-bib-0037){ref-type="ref"}) pulse sequence with the following imaging parameters: repetition time (TR)/MPRAGE TR = 7.4/2,500 ms, echo time (TE) = 2.48 ms, inversion time (TI) = 900 ms, 192 sagittal slices with a distance factor of 50% and 1‐mm thickness, field of view (FOV) = 256 mm, 256 × 256 matrix dimension, in‐plane voxel resolution of 1.0 × 1.0 mm, flip angle (FA) = 8°, and total scan time of 5 min and 49 s. DWIs were also acquired from all participants using the following imaging parameters: 80 axial slices with 2‐mm slice thickness and distance factor of 0%, TR/TE = 13,600/92 ms, FOV = 196 mm, and 98 × 98 acquisition matrix. Voxel sizes were isotropic 2 mm in all dimensions. Sixty‐four diffusion‐weighted images (*b* = 1,000 s/mm^2^) and one volume without diffusion weighting (*b* = 0 s/mm^2^) were obtained with echo planar imaging. The DWI acquisition time is approximately 15 min and 26 s. Only single‐phase encoded images were acquired for all participants.

2.3. Total intracranial volume {#hbm25008-sec-0005}
------------------------------

The total intracranial volume (TIV) was computed using the acquired T1‐weighted images. This was done by first segmenting the images into component images including GM, WM, and CSF, among others, using Statistical Parametric Mapping (SPM12; Wellcome Trust Center for Neuroimaging, London, UK) running on MATLAB (R2016a, MathWorks, Natick, MA). For each component image, the total volume was estimated by summing the volume of all the voxels surviving a threshold value equal to 0.2. TIV values were then computed as the sum of the total volumes of GM, WM, and CSF.

2.4. FBA of DWI data {#hbm25008-sec-0006}
--------------------

The acquired DWI data were processed using MRtrix3 (version 3.0, <http://www.mrtrix.org>) following the recommended FBA (Raffelt et al., [2017](#hbm25008-bib-0042){ref-type="ref"}) preprocessing pipeline. We preprocessed the images to perform intensity normalization, denoising, Gibbs ringing removal, motion (Andersson & Sotiropoulos, [2016](#hbm25008-bib-0003){ref-type="ref"}), and eddy current distortion correction (Smith et al., [2004](#hbm25008-bib-0049){ref-type="ref"}). DWI data were upsampled to a 1.3 × 1.3 × 1.3 mm^3^ voxel resolution using the cubic interpolation method included in the MRtrix3 package. Field inhomogeneities due to the EPI sequence remained uncorrected since we did not acquire reversed phase encoded images. We then computed the three‐tissue response functions for WM, GM, and CSF using the *dhollander* algorithm in the *dwi2response* script, estimated the average across all participants, and generated voxel‐wise fiber orientation distributions (FOD) by applying the multishell multitissue constrained spherical deconvolution (Jeurissen, Tournier, Dhollander, Connelly, & Sijbers, [2014](#hbm25008-bib-0029){ref-type="ref"}) using only the average WM and CSF response functions on preprocessed images with a custom participant‐specific whole‐brain mask. To generate the individual whole‐brain mask, we used the participant\'s T1‐weighted image. The image was first segmented using *5ttgen* to extract the relevant component images, then coregistered to the upsampled *b* = 0 DWI (b0) image using the Advanced Normalization Tools (ANTs, <http://stnava.github.io/ANTs/>) (Avants et al., [2014](#hbm25008-bib-0005){ref-type="ref"}). The registered component images were then summed and thresholded to get an initial whole‐brain mask. This mask was further refined using the Brain Extraction Tool, a component of the FSL software package (Jenkinson, Beckmann, Behrens, Woolrich, & Smith, [2012](#hbm25008-bib-0027){ref-type="ref"}), to remove extraneous patches that remained after segmentation. We generated a second WM mask by combining the WM and subcortical tissue components, thresholding the resulting image using a value of 0.05, dilating the resulting mask using *maskfilter* (npass = 3), and obtaining the intersection with the first whole‐brain mask.

An unbiased study‐specific population FOD template was generated using all participants\' FOD data after performing a joint biased field and intensity normalization correction. Each participant\'s FOD was then registered to this template. A population template mask was also generated by computing the intersection of all the participants\' WM masks in the template space. Using the population template mask, an analysis fixel mask was generated using a threshold value (*fmls_peak_value*) of 0.1. This value provided a good compromise between the inclusion of noisy fixels (e.g., crossing fixels in nearby GM regions) and the exclusion of genuine WM fixels especially in voxels containing crossing fibers. The normalized FODs were then segmented to estimate the fixels and the corresponding metrics including FD, FC, and FDC. Using the FOD template, whole brain tractography was also performed by synthesizing streamlines with the MRtrix probabilistic reconstruction algorithm using second order integration over FOD (iFOD2) (Tournier, Calamante, & Connelly, [2010](#hbm25008-bib-0058){ref-type="ref"}). We generated 20 million streamlines with minimum length of 10 mm, maximum length of 250 mm, maximum angle between successive steps of 22.5°, and minimum FOD amplitude (cutoff) of 0.10. The generated tracts were further refined to 2 million streamlines using spherical‐deconvolution informed filtering of tractograms (Smith, Tournier, Calamante, & Connelly, [2013](#hbm25008-bib-0048){ref-type="ref"}). An outline of the full analysis scheme is depicted in Figure [1](#hbm25008-fig-0001){ref-type="fig"}.

![Flowchart showing key steps of the cross‐sectional fixel‐based analysis framework used in this study](HBM-41-3198-g001){#hbm25008-fig-0001}

We used a general linear model (GLM) to identify significant associations between the different FBA metrics (FD, FC, and FDC) with age, sex, and TIV as covariates. The connectivity‐based fixel enhancement method (Raffelt et al., [2015](#hbm25008-bib-0041){ref-type="ref"}), part of the MRtrix3 software package, was used to estimate the relevant GLM parameters at the fixel level and the permutation‐based, family wise error (FWE) corrected *p*‐values of the computed parameters for each individual fixel in the template space. Statistical significance was assessed using 5,000 permutations and FWE‐corrected *p* \< .05.

2.5. Tract‐level analysis of FD, FC, and FDC {#hbm25008-sec-0007}
--------------------------------------------

We also performed an analysis of the FBA metrics of the major fiber tracts. For this, we used the John Hopkins University (JHU) WM tractography atlas distributed with FSL to generate masks for 11 major fiber tract groups (Hua et al., [2008](#hbm25008-bib-0025){ref-type="ref"}) as shown in Figure [2](#hbm25008-fig-0002){ref-type="fig"}. We normalized the JHU atlas into the population FOD template space using ANTs. Specifically, the upsampled b0 images were first normalized to the population template space and the mean image across all participants were computed. Using this mean image as the target image, we then registered the T2 image included in the JHU distribution using ANTs, obtained the relevant transformation information, and used this information to normalize the JHU tractography atlas. A mask for each tract group was then generated and the mean values of FD, FC, and FDC for all fixels within the mask were estimated. We used a linear regression model to identify the association between the mean values of FD, FC, and FDC across all fixels within each major tract and age. We used MATLAB (R2018b; MathWorks) for this analysis. For all regression analyses, sex and TIV were also included as regressors. Finally, FD, FC, and FDC values were also separately analyzed for each sex group by fitting a linear model using MATLAB with age and TIV as regressors. Statistical significance was corrected for multiple comparisons using a false discovery rate (FDR) of *q* \< 0.05.

![Major fiber tracts from the John Hopkins University -- International Consortium for Brain Mapping (JHU‐ICBM) atlas warped into the study\'s population template space used for the tract‐level analyses of FD, FC, and FDC. FC, fiber cross section; FD, fiber density; FDC, FD and cross section](HBM-41-3198-g002){#hbm25008-fig-0002}

3. RESULTS {#hbm25008-sec-0008}
==========

3.1. Age‐related changes of FBA metrics at the fixel level {#hbm25008-sec-0009}
----------------------------------------------------------

Results of the GLM analyses at the fixel level showed widespread significant (FWE‐corrected *p* \< .05) negative relationship between age and FBA metrics across the whole brain (Figure [3](#hbm25008-fig-0003){ref-type="fig"}, Supplementary Figures [S1](#hbm25008-supitem-0001){ref-type="supplementary-material"} and [S2](#hbm25008-supitem-0001){ref-type="supplementary-material"}). Interestingly, some fiber bundles only showed significant negative association with age in FD, but not in FC. Examples include the corpus callosum, anterior thalamic radiation, and superior longitudinal fasciculus. On the other hand, fiber bundles in the cingulum of the cingulate gyrus and in the cerebello‐thalamo‐cortical pathway mainly showed significant negative relationship with age in FC, but not in FD.

![Streamlines where significant (family wise error \[FWE\]‐corrected *p* \< .05) negative relationship between FD (top row), log FC (middle row), and FDC (bottom row) and age were observed. Color encodes fiber direction with red for left--right, blue for inferior--superior, and green for anterior--posterior axes. Images are presented using radiological convention where the left hemisphere of the brain is shown at the right side of the image. A, anterior; FC, fiber cross section; FD, fiber density; FDC, FD and cross section; L, left; P, posterior; R, right](HBM-41-3198-g003){#hbm25008-fig-0003}

3.2. Relationship of FBA metrics along major fiber tracts with age {#hbm25008-sec-0010}
------------------------------------------------------------------

Mean values of FD, FC, and FDC across all fixels within some major tracts showed significant (FDR *q* \< 0.05) negative linear relationship with age (Figures [4](#hbm25008-fig-0004){ref-type="fig"}, [5](#hbm25008-fig-0005){ref-type="fig"}, [6](#hbm25008-fig-0006){ref-type="fig"}, Table [2](#hbm25008-tbl-0002){ref-type="table"}). The mean FD values of the anterior thalamic radiation, cingulum of the cingulate gyrus and of the hippocampus, forceps minor, and superior longitudinal fasciculus were negatively associated with age. On the other hand, the mean log FC values of the cingulum of the cingulate gyrus, corticospinal tract, forceps minor, inferior fronto‐occipital fasciculus, and inferior longitudinal fasciculus showed significant negative relationship with age, whereas that of the cingulum of the hippocampus showed positive relationship. In terms of FDC, fiber bundles in the anterior thalamic radiation, cingulum of the cingulate gyrus, corticospinal tract, forceps minor, inferior fronto‐occipital fasciculus, and inferior longitudinal fasciculus showed significant negative linear relationship with age. Although many of the major fiber tract groups showed negative association with age in both FD and FC, subcortical fiber bundles in the anterior thalamic radiation and the cingulum (hippocampus) showed a different phenotype with lower FD but higher FC in the aged brain.

![Scatterplots (blue for male and red for female) of the mean FD values of the major fiber tract groups included in the analysis. Solid lines represent regression lines while dashed lines show 95% confidence interval. (\*)---indicates significant relationship with age (false discovery rate \[FDR\] *q* \< 0.05); ATR, anterior thalamic radiation; CCG, cingulum (cingulate gyrus); CH, cingulum (hippocampus); CST, corticospinal tract; FD, fiber density; FMaj, forceps major; FMin, forceps minor; IFOF, inferior fronto‐occipital fasciculus; ILF, inferior longitudinal fasciculus; SLF, superior longitudinal fasciculus; SLTem, superior longitudinal fasciculus (temporal); UF, uncinate fasciculus](HBM-41-3198-g004){#hbm25008-fig-0004}

![Scatterplots (blue for male and red for female) of the mean log FC values of the major fiber tract groups included in the analysis. Solid lines represent regression lines while dashed lines show 95% confidence interval. (\*)---indicates significant relationship with age (false discovery rate \[FDR\] *q* \< 0.05); ATR, anterior thalamic radiation; CCG, cingulum (cingulate gyrus); CH, cingulum (hippocampus); CST, corticospinal tract; FC, fiber cross section; FMaj, forceps major; FMin, forceps minor; IFOF, inferior fronto‐occipital fasciculus; ILF, inferior longitudinal fasciculus; SLF, superior longitudinal fasciculus; SLTem, superior longitudinal fasciculus (temporal); UF, uncinate fasciculus](HBM-41-3198-g005){#hbm25008-fig-0005}

![Scatterplots (blue for male and red for female) of the mean FDC values of the major fiber tract groups included in the analysis. Solid lines represent regression lines while dashed lines show 95% confidence interval. (\*)---indicates significant relationship with age (false discovery rate \[FDR\] *q* \< 0.05); ATR, anterior thalamic radiation; CCG, cingulum (cingulate gyrus); CH, cingulum (hippocampus); CST, corticospinal tract; FD, fiber density; FDC, FD and cross section; FMaj, forceps major; FMin, forceps minor; IFOF, inferior fronto‐occipital fasciculus; ILF, inferior longitudinal fasciculus; SLF, superior longitudinal fasciculus; SLTem, superior longitudinal fasciculus (temporal); UF, uncinate fasciculus](HBM-41-3198-g006){#hbm25008-fig-0006}

###### 

Estimated values of the regression coefficients for the tract‐level analyses

  FBA metric   Tracts          All             Male            Female                                                          
  ------------ --------------- --------------- --------------- --------------- --------------- --------------- --------------- --------------
  FD           ATR             **‐4.19E‐04**   **−9.13E‐03**   **−2.84E‐05**   **−4.46E‐04**   −4.35E‐05       **−4.01E‐04**   −2.11E‐05
  CCG          **−2.66E‐04**   −5.94E‐03       **−3.23E‐05**   −2.64E‐04       −4.85E‐05       **−2.66E‐04**   −2.45E‐05       
  CH           **−6.10E‐04**   **1.82E‐02**    −1.77E‐05       **−7.04E‐04**   6.61E‐06        **−5.54E‐04**   −2.91E‐05       
  CST          −1.90E‐04       3.86E‐03        **−3.61E‐05**   −2.18E‐04       −4.43E‐05       −1.71E‐04       −3.20E‐05       
  FMaj         −6.46E‐05       −1.13E‐02       **−4.67E‐05**   −9.29E‐05       −3.47E‐05       −4.80E‐05       −5.25E‐05       
  FMin         **−4.09E‐04**   −4.35E‐03       −1.02E‐05       **−5.69E‐04**   −6.93E‐06       **−3.11E‐04**   −1.12E‐05       
  IFOF         −3.92E‐06       −2.51E‐03       −1.33E‐05       −1.08E‐04       −1.69E‐05       6.05E‐05        −1.12E‐05       
  ILF          −3.73E‐06       8.27E‐03        8.14E‐06        −6.23E‐06       −5.58E‐06       −1.27E‐06       1.48E‐05        
  SLF          **−2.08E‐04**   4.29E‐05        **−2.22E‐05**   **−3.20E‐04**   −3.20E‐05       −1.38E‐04       −1.71E‐05       
  SLtem        −1.02E‐04       1.05E‐02        −7.52E‐05       −7.44E‐04       −1.32E‐04       2.97E‐04        −4.55E‐05       
  UF           −1.79E‐04       −8.10E‐03       **−3.03E‐05**   −2.76E‐04       −5.07E‐05       −1.19E‐04       −2.01E‐05       
  logFC        ATR             4.31E‐04        1.13E‐03        **4.77E‐04**    6.49E‐04        **4.25E‐04**    3.01E‐04        **5.02E‐04**
  CCG          **−1.76E‐03**   −5.47E‐03       **3.95E‐04**    **−1.04E‐03**   **3.12E‐04**    **−2.20E‐03**   **4.33E‐04**    
  CH           **1.01E‐03**    −5.68E‐03       **3.11E‐04**    **1.52E‐03**    **2.50E‐04**    **6.98E‐04**    **3.39E‐04**    
  CST          **−8.37E‐04**   −6.37E‐03       **2.69E‐04**    −9.37E‐04       1.50E‐04        **−7.68E‐04**   **3.26E‐04**    
  FMaj         −5.67E‐04       −4.60E‐03       **2.97E‐04**    −4.61E‐04       **2.81E‐04**    −6.32E‐04       **3.04E‐04**    
  FMin         **−1.75E‐03**   1.66E‐02        **4.71E‐04**    **−1.32E‐03**   **4.75E‐04**    **−2.02E‐03**   **4.68E‐04**    
  IFOF         **−7.28E‐04**   1.09E‐02        **4.06E‐04**    −5.02E‐04       **3.90E‐04**    **−8.67E‐04**   **4.13E‐04**    
  ILF          **−7.00E‐04**   1.77E‐02        **4.29E‐04**    −1.42E‐04       **3.48E‐04**    **−1.04E‐03**   **4.67E‐04**    
  SLF          1.33E‐04        2.25E‐02        **4.58E‐04**    5.21E‐04        **4.39E‐04**    −1.04E‐04       **4.65E‐04**    
  SLtem        −6.38E‐04       4.37E‐02        **4.96E‐04**    −5.23E‐04       **3.82E‐04**    −7.01E‐04       **5.51E‐04**    
  UF           1.52E‐04        −2.03E‐02       **2.84E‐04**    3.80E‐04        **2.48E‐04**    1.45E‐05        **3.00E‐04**    
  FDC          ATR             **−3.33E‐04**   −1.07E‐02       **1.15E‐04**    −3.16E‐04       **8.98E‐05**    **−3.42E‐04**   **1.28E‐04**
  CCG          **−8.43E‐04**   −9.33E‐03       **8.60E‐05**    **−6.66E‐04**   5.47E‐05        **−9.49E‐04**   **1.01E‐04**    
  CH           −1.67E‐04       1.50E‐02        **1.04E‐04**    −8.79E‐05       **1.09E‐04**    −2.16E‐04       **1.01E‐04**    
  CST          **−6.58E‐04**   −1.75E‐03       **1.02E‐04**    −8.39E‐04       4.63E‐05        **−5.43E‐04**   **1.30E‐04**    
  FMaj         −2.43E‐04       −1.62E‐02       **1.38E‐04**    −2.83E‐04       1.59E‐04        −2.20E‐04       **1.28E‐04**    
  FMin         **−1.05E‐03**   2.01E‐03        **1.52E‐04**    **−1.18E‐03**   **1.70E‐04**    **−9.68E‐04**   **1.44E‐04**    
  IFOF         **−3.25E‐04**   6.46E‐04        **1.46E‐04**    −3.70E‐04       **1.43E‐04**    **−2.97E‐04**   **1.48E‐04**    
  ILF          **−3.17E‐04**   **1.85E‐02**    **2.02E‐04**    −1.05E‐04       **1.58E‐04**    **−4.45E‐04**   **2.22E‐04**    
  SLF          −2.03E‐04       8.18E‐03        **1.40E‐04**    −2.37E‐04       **1.28E‐04**    −1.82E‐04       **1.46E‐04**    
  SLtem        −4.89E‐04       4.51E‐02        **2.78E‐04**    −1.32E‐03       1.37E‐04        3.10E‐05        **3.50E‐04**    
  UF           −1.74E‐04       −1.85E‐02       **8.43E‐05**    −2.59E‐04       5.08E‐05        −1.19E‐04       **1.01E‐04**    

*Note*: Values of the estimated regression coefficients in bold are significant (corrected for multiple comparisons using FDR *q* \< 0.05).

Abbreviations: ATR, anterior thalamic radiation; CCG, cingulum (cingulate gyrus); CH, cingulum (hippocampus); CST, corticospinal tract; FC, fiber cross section; FD, fiber density; FDC, FD and cross section; FDR, false discovery rate; FMaj, forceps major; FMin, forceps minor; IFOF, inferior fronto‐occipital fasciculus; ILF, inferior longitudinal fasciculus; SLF, superior longitudinal fasciculus; SLTem, superior longitudinal fasciculus (temporal); UF, uncinate fasciculus.

3.3. Relationship with sex and TIV {#hbm25008-sec-0011}
----------------------------------

We found no significant relationship between mean FC and FDC values and sex in all major fiber tracts examined except in the inferior longitudinal fasciculus for FDC (Table [2](#hbm25008-tbl-0002){ref-type="table"}). Between mean FD values and sex, no significant association was observed in most major fiber tracts except in the anterior thalamic radiation and cingulum of the hippocampus (Table [2](#hbm25008-tbl-0002){ref-type="table"}). On the other hand, TIV showed significant (FDR *q* \< 0.05) positive relationship with mean FC and FDC values in all fiber tract groups, whereas significant (FDR *q* \< 0.05) negative relationship with mean FD values was observed in the anterior thalamic radiation, cingulum of the cingulate gyrus, corticospinal tract, forceps major, superior longitudinal fasciculus, and uncinate fasciculus.

3.4. Sex‐specific changes in FBA metrics with age and TIV {#hbm25008-sec-0012}
---------------------------------------------------------

Due to the unbalance number of participants between sexes in our cohort, we also performed separate analyses for each sex group. In male participants, we found significant (FDR *q* \< 0.05) negative linear relationship between mean FD values and age in the anterior thalamic radiation, cingulum of the hippocampus, forceps minor, and superior longitudinal fasciculus. Between mean FC values and age, significant (FDR *q* \< 0.05) negative relationship was observed in the cingulum of the cingulate gyrus and forceps minor, whereas positive relationship was observed in the cingulum of the hippocampus. Between mean FDC values and age, significant (FDR *q* \< 0.05) negative association was observed in the cingulum of the cingulate gyrus and forceps minor. Female participants showed the same behavior as that in all participants except in the superior longitudinal fasciculus in FD where the relationship was not significant. Males also tended to have lower (more negative) regression coefficient values associated with age in mean FD, whereas females had lower (more negative) coefficients in mean FC. Estimated values of the regression coefficients are summarized in Table [2](#hbm25008-tbl-0002){ref-type="table"}.

No significant relationship was observed between TIV and mean FD values in both groups. On the other hand, significant (FDR *q* \< 0.05) positive relationship was observed between TIV and mean FC and FDC values in both groups except in the corticospinal tract in FC and FDC in males and in the cingulum of the cingulate gyrus, forceps major, superior longitudinal fasciculus (temporal), and uncinate fasciculus in FDC also in males.

4. DISCUSSION {#hbm25008-sec-0013}
=============

This study examined fiber bundle density and fiber morphology (cross section) and how these measures are altered with age using FBA. First, we observed widespread age‐related changes in FD and FC across the whole brain. The degree of the linear association between FBA metrics and age was not homogeneous across major fiber tract groups with some fiber tract groups exhibiting more vulnerability to aging process than others. This is particularly the case for fiber tract groups connecting to the frontal lobe including the cingulum of the cingulate gyrus and forceps minor which showed the two highest negative slopes of the linear relationship with age (in terms of FDC values) indicating significantly lower FD and FC values in the aging brain. On the other hand, FC values of the corpus callosum fibers were relatively well preserved. Major fiber tract groups connecting to subcortical regions, namely the anterior thalamic radiation tract and the cingulum connecting to the hippocampus, had FC that even showed tendency to increase with age. Second, differences in FC and FDC values observed between sexes were mostly driven by differences in brain sizes although male participants tended to exhibit relatively lower (more negative) slopes in FD values with age as compared to female participants.

4.1. Widespread cross‐sectional changes in FD with aging {#hbm25008-sec-0014}
--------------------------------------------------------

To the best of our knowledge, this is the first study to demonstrate the relationship between age and FD, FC, as well as FDC in the adult lifespan. Age‐related microstructural changes in WM fiber tracts have been reported in the literature (Bennett & Madden, [2014](#hbm25008-bib-0010){ref-type="ref"}; Cox et al., [2016](#hbm25008-bib-0012){ref-type="ref"}; Lebel et al., [2012](#hbm25008-bib-0032){ref-type="ref"}; Sala et al., [2012](#hbm25008-bib-0044){ref-type="ref"}; Salat et al., [2005](#hbm25008-bib-0045){ref-type="ref"}; Sullivan & Pfefferbaum, [2006](#hbm25008-bib-0052){ref-type="ref"}). Using diffusion scalar indices, these studies have shown significant decreases in FA with age usually attributed to alterations in the underlying myelin as evidenced by the corresponding increase in RD rather than in AD (Inano et al., [2011](#hbm25008-bib-0026){ref-type="ref"}; Kumar et al., [2013](#hbm25008-bib-0030){ref-type="ref"}). However, decreases in FA could not be driven entirely by myelin degeneration since diffusion anisotropy in WM fiber tracts could also be affected by several other microstructural features including axonal membrane, intra‐axonal microstructure, as well as density and diameter of axons (Beaulieu, [2002](#hbm25008-bib-0008){ref-type="ref"}; Paus, Pesaresi, & French, [2014](#hbm25008-bib-0039){ref-type="ref"}; Takahashi et al., [2002](#hbm25008-bib-0054){ref-type="ref"}). By using more direct measures of fiber bundle properties, we found widespread negative correlation between FD and age. This finding is consistent with a postmortem study of the human brain investigating age‐related changes in the corpus callosum which showed reduction in fiber number and density with selective degradation of small to medium caliber fibers, rather than demyelination, as important contributors to age‐related WM atrophy (Hou & Pakkenberg, [2012](#hbm25008-bib-0023){ref-type="ref"}). Similar significant reduction in small caliber myelinated fibers with age had also been reported in human (Tang, Nyengaard, Pakkenberg, & Gundersen, [1997](#hbm25008-bib-0057){ref-type="ref"}) as well as in rhesus monkey (Bowley, Cabral, Rosene, & Peters, [2010](#hbm25008-bib-0011){ref-type="ref"}). In addition, we also observed that lower FD were particularly prominent in fiber bundles associated with the prefrontal regions such as the cingulum of the cingulate gyrus and forceps minor, indicating greater vulnerability of these regions to aging effects. Studies using FA have also shown similar greater age‐related reductions in FA in frontal regions relative to more posterior regions (Yoon, Shim, Lee, Shon, & Yang, [2008](#hbm25008-bib-0061){ref-type="ref"}) consistent with our findings. Other studies have also provided evidence for this anterior--posterior gradient of age‐related decreases in FA (Ardekani, Kumar, Bartzokis, & Sinha, [2007](#hbm25008-bib-0004){ref-type="ref"}; Grieve, Williams, Paul, Clark, & Gordon, [2007](#hbm25008-bib-0022){ref-type="ref"}). Together, our findings not only supported results from previous diffusion tensor imaging (DTI)‐based studies but also provided greater specificity of the WM properties that were significantly affected by the aging process.

4.2. Age‐related alterations in FC across the whole brain {#hbm25008-sec-0015}
---------------------------------------------------------

In contrast to FD, the FC of several WM fiber tracts appeared to be relatively preserved with age. This can be seen, for instance, in the corpus callosum fibers (Figure [3](#hbm25008-fig-0003){ref-type="fig"}). With FD reduction, this relative preservation of FC in some fiber bundles could be indicative of an increase in the extra‐axonal space left as more fibers degenerate. Alternatively, the extra‐axonal space may also be persistently filled with other extracellular materials in spite of the axonal loss, thus preserving FC. For instance, electron micrograph of the cingulate bundle of aged rhesus monkey showed less tightly packed axonal myelinated nerve fibers than in younger monkeys, an indication of fiber loss, as well as cells related to astrocytic processes, dense cytoplasm in splits of myelin sheaths, and ballooning of the sheaths (Bowley et al., [2010](#hbm25008-bib-0011){ref-type="ref"}). It is also interesting to note that this study also observed no significant change in cross‐sectional area in the cingulate and corpus callosum with age.

Differences in caliber of the axons making up the fiber bundle could also influence the macrostructural changes in WM. As mentioned, since most of the axons affected by aging are of small caliber type (Bowley et al., [2010](#hbm25008-bib-0011){ref-type="ref"}; Hou & Pakkenberg, [2012](#hbm25008-bib-0023){ref-type="ref"}; Tang et al., [1997](#hbm25008-bib-0057){ref-type="ref"}), FC of fiber bundles consisting of different caliber axons and those with large caliber axons would be minimally affected. This can be seen, for example, in the corpus callosum, which contains different classes of axons (from small to very large caliber axons) distributed in a region‐specific manner (Lamantia & Rakic, [1990](#hbm25008-bib-0031){ref-type="ref"}). The observed increase in mean fiber diameter with age (Hou & Pakkenberg, [2012](#hbm25008-bib-0023){ref-type="ref"}; Tang et al., [1997](#hbm25008-bib-0057){ref-type="ref"}) also points to the relative preservation of large caliber axons, which in turn may help in maintaining FC. These factors, among others, may have influenced the relative preservation of FC, although a more detailed microstructural study will be needed to clearly elucidate the relationship between FC and aging.

Higher values of FC in specific fiber bundles with advanced age, such as the one observed in the anterior thalamic radiation and tracts connecting the hippocampus to the cingulum, are somewhat difficult to explain. Examples of regional preservation or even volumetric increases in specific brain regions in old age do exist. Recent meta‐analysis demonstrated that aerobic exercise interventions may be useful for preventing age‐related hippocampal deterioration (Firth et al., [2018](#hbm25008-bib-0015){ref-type="ref"}). Exercise may also increase the level of the brain‐derived neurotrophic factor (BDNF) (Szuhany, Bugatti, & Otto, [2015](#hbm25008-bib-0053){ref-type="ref"}), positively linked with exercise‐induced increase in hippocampal volume (Erickson et al., [2011](#hbm25008-bib-0014){ref-type="ref"}). The effect of exercise in WM structure is still unclear (Sexton et al., [2016](#hbm25008-bib-0046){ref-type="ref"}). Some evidences do indicate that life‐long exercise may help preserved the microstructural integrity of WM fibers (Tseng et al., [2013](#hbm25008-bib-0060){ref-type="ref"}). Unfortunately, we did not investigate the detailed exercise information from our participants but the effect of BDNF and exercise may have influenced the relatively higher FC values observed in the cingulum of the hippocampus in the elderly. We do note that the higher FC values in these tracts were not associated with higher FD values. In fact, these tracts\' FD values were significantly lower in the elderly compared to young participants resulting in an overall lower FDC.

4.3. Sex differences {#hbm25008-sec-0016}
--------------------

Findings related to differences in sex with regard to WM aging are still inconsistent. Some studies reported no significant interaction between age and sex in WM aging process (Hsu et al., [2010](#hbm25008-bib-0024){ref-type="ref"}; Inano et al., [2011](#hbm25008-bib-0026){ref-type="ref"}), while others showed the contrary (Abe et al., [2010](#hbm25008-bib-0001){ref-type="ref"}; Kumar et al., [2013](#hbm25008-bib-0030){ref-type="ref"}). Using AD and RD, for instance, Kumar et al. ([2013](#hbm25008-bib-0030){ref-type="ref"}) have shown that females had reduced axonal and myelin integrity in substantially more structure, while males had reduced fiber and myelin integrity in only a minority of structures confined to cerebellar, temporal, and frontal cortices. In another study, males also showed steeper FA decline and accelerated MD increases with age in multiple brain regions compared with females, whereas no areas showed similar pattern in females compared with males (Abe et al., [2010](#hbm25008-bib-0001){ref-type="ref"}).

Although the estimated mean FC and FDC values tended to be relatively higher in males than in females, our findings showed no significant sex differences in FBA metrics in most major fiber tract groups after taking into account variations in brain sizes. We did observe significant association between FC and FDC values with TIV suggesting that these macroscopic metrics could be strongly influence by differences in brain sizes. Studies have shown that males have larger global WM volumes than females (Abe et al., [2010](#hbm25008-bib-0001){ref-type="ref"}; Lemaître et al., [2005](#hbm25008-bib-0033){ref-type="ref"}). Even in terms of myelinated fibers, males were found to have 16% longer total fiber length than females (Marner, Nyengaard, Tang, & Pakkenberg, [2003](#hbm25008-bib-0034){ref-type="ref"}). Thus, it is not surprising that the estimated FC values were higher in males than in females. By including TIV as a covariate, differences in brain sizes between males and females could be statistically taken into account. However, we did observe that the coefficients associated with age in FD tended to be lower (more negative) in male participants than in females even after accounting for the differences in brain sizes.

4.4. Limitations {#hbm25008-sec-0017}
----------------

For better estimates of the FOD and apparent FD (AFD), MRtrix3 recommends that DWI data be acquired with *b*‐values of \~3,000 s/mm^2^. Data acquired with multiple shells will also improve the accuracy of the estimation of the multitissue response functions and will result in more robust FOD and AFD estimates. One limitation of our study is the acquisition of DWI images at a single and relatively low *b*‐value (*b* = 1,000 S/mm^2^). While the imaging parameters still permit analysis, these are not ideal imaging conditions, which could lead to less accurate computation of the multitissue response functions. Although, in terms of test--retest reliability, a recent study has shown good reliability of the estimated three tissue compartments even for a single shell data (*b* = 1,500 s/mm^2^) using a relatively different approach (Newman, Dhollander, Reynier, Panzer, & Druzgal, [in press](#hbm25008-bib-0038){ref-type="ref"}). At lower *b*‐values, Raffelt et al. ([2012](#hbm25008-bib-0040){ref-type="ref"}) also argued that fiber orientations will not be compromised but AFD will possibly be overestimated in GM and CSF tissue (Jeurissen et al., [2014](#hbm25008-bib-0029){ref-type="ref"}) and could also show larger dependency on extra‐axonal perpendicular diffusivity which could potentially camouflage changes in the true underlying FD (Genc et al., [2020](#hbm25008-bib-0019){ref-type="ref"}). Another limitation of the study is the unbalance number of male and female participants in our cohort. Although we strived to recruit equal number of both sexes, most of our participants were females, which could be a reflection of the overall ratio of men and women in the general population given the longer average life expectancy of women (87.26 years) as compared to men (81.09 years) in Japan. The higher stroke prevalence in men also led to the higher number of excluded male participants compared to females.

5. CONCLUSION {#hbm25008-sec-0018}
=============

Using DWI data from a cohort of 293 healthy volunteers, we found widespread and significant age‐related changes in WM across the whole brain over the adult lifespan. The observed effect was nonuniform across WM with some fibers exhibiting higher vulnerability than the others. Differences in mean FC and FDC values between sexes were mostly explained by differences in brain sizes although male participants tended to exhibit steeper negative relationship with age in FD values than female participants. Overall, these findings corroborate results from previous DTI studies, are consistent with postmortem observations of the aging brain, and further demonstrate the usefulness of diffusion imaging in the study of microstructural age‐related changes in the brain\'s WM.
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